or DOE Information Bridge http://www.doe.gov/bridge/home.html Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste TP-500-25714 iii
Introduction
WindLite Corporation of Mountain View, California, developed an 8-kW wind turbine under the U.S. Department of Energy's Small Wind Turbine Project. WindLite proposed testing the turbine on a truck flatbed while driving the truck down a runway at constant relative wind speed. The primary objective of the truck test was to optimize the turbine's furling behavior. The data could also be used to advance furling analytical models.
A concern at the beginning of the test program was what influence the truck cab would have on the rotor inflow and thus the turbine behavior. Therefore an experiment was proposed to measure the rotor inflow without the turbine installed.
Approach
We constructed an array of anemometers to measure the airflow at locations around an area representative of the rotor disk. The array could also be yawed to measure the inflow at yawed rotor positions. A reference anemometer and wind direction sensor were positioned forward of the truck cab at turbine hub height.
We first calibrated the array anemometers against the reference anemometer on a rig placed forward of the cab. The array was then erected with the anemometers and the truck was driven down the runway at speeds and yaw angles representative of turbine operation. The array anemometer data were then normalized to the reference anemometer wind speed.
Results
The data showed that at wind directions below 5° off the truck line of travel, the influence of the cab on the rotor inflow was negligible with exception to the lower-most sector of the rotor disk. This area was characterized by increased turbulence and wind speed deficit that increased with wind speed.
Introduction Background
The U.S. Department of Energy (DOE) sponsors a multi-project Turbine Development Program to assist the U.S. wind industry in developing competitive, high performance technology for global energy markets. From its inception in 1990 until 1995, the program focused on developing utility-grade wind turbine systems for use in large wind power plants. DOE added the Small Wind Turbine Project to the program in 1995 to stimulate the application of advanced technology in the portion of industry that serves specialized markets requiring wind turbines in sizes from 5 to 40 kW.
The goal of the Small Wind Turbine Project is to help U.S. industry develop cost-effective, high reliability, small wind turbine systems for both the domestic and international wind energy markets. In 1997, the National Renewable Energy Laboratory awarded four manufacturers won project contracts to develop, manufacture, and test new wind turbines. WindLite of Mountain View, California, proposed the development of an 8-kW machine based on the Sencenbaugh Wind Electric SWE-1000 turbine built in the late 1970s and 1980s.
The WindLite Turbine is a three-bladed turbine with a tail fin for yaw control. The turbine uses horizontal furling to regulate rotor speed and power. Furling occurs as the rotor thrust increases in high winds causing the rotor to pivot about a hinge relative to the tail. A critical design issue is the wind speed at which the furling occurs.
We determined at the beginning of the program that current analytical models of turbine furling behavior were inadequate to be used as design tools. This was due to lack of experimental data to correlate with analytical models. Therefore, an experiment was proposed to optimize the turbine geometry for furling. The experiment consists of placing the turbine on the back of a flatbed truck and driving the truck down an aircraft runway at various speeds. The turbine would have variable geometry so that the onset of furling could be optimized. Similar truck tests were conducted previously on the SWE-1000 turbine in 1976. The new tests were to be conducted at the NASA Ames Moffett Airfield in California.
The truck tests would assist in determining the optimum geometry for furling, along with improving furling analytical models. However, the main uncertainty in the truck test was how the rotor inflow over the truck cab would differ from free air conditions. We could not find any information on this topic from a literature review. The majority of truck cab aerodynamic research has focused on drag measurements of tractor/trailer combinations; an example is reference 1. The flow over the cab in this configuration is highly influenced by the trailer. Therefore, an experiment was proposed to measure the rotor inflow over the cab prior to the turbine tests. This inflow test, called the Anemometer Array Test, is the subject of this report. This test was conducted prior to the turbine truck test.
Objectives
The objectives of the Anemometer Array Test were to document the flow behind the truck cab in support of turbine truck tests. The flow would be measured at various truck speeds and at various array yaw angles. The Anemometer Array Test data would be used to correlate truck test data with turbine analytical models by adjusting the inflow models.
Experimental Setup Anemometer Array
We designed and built a structure to measure the wind speed with anemometers over an area representative of the turbine rotor disk. Figure 1 shows the anemometer array by itself and placed on the truck with reference dimensions. All anemometers were NRG Model 40C. In addition to the array, a reference anemometer along with a wind direction sensor (NRG Model 200P) was placed on the boom, forward of the cab. Also shown in the figure is the numbering scheme for the anemometers. Note that anemometer 8 was positioned directly behind the cab.
The array measured the wind speed on the rotor disc at 50% and 100% radial stations and at 4-azimuthal positions. The array could also be rotated in yaw from 0° to 90° in 5° fixed increments to measure the inflow for the yawed turbine rotor. The array was rotated in a counterclockwise direction viewed from the top. Note that the center of the array was positioned 32.5 inches horizontally from the center of rotation in order to duplicate the turbine rotor position.
The array was constructed of square steel beams fastened to the hub center and supported at the ends and midpoints by guy wires. The anemometers were positioned 8.5 inches upstream of the beams. The center of the array was fastened to the tower that would be used for the turbine testing. The tower with the array installed was erected using a gin pole/winch arrangement. During the array runs some azimuth rocking of the array was observed at the higher truck speeds.
Calibration Rig
The array anemometers were calibrated on site against a factory-calibrated anemometer. The Anemometer Calibration rig is shown in Figure 2 . The rig was designed to hold the eight anemometers used on the array along with the calibrated reference anemometer placed in the center. One of the outermost anemometers was also a factory-calibrated unit. Comparison between the two calibrated anemometers documented the lateral wind speed difference along the rig. All anemometers were placed 18.75 inches (2.5 diameters) apart. The calibration array was installed on a boom that was installed on the front bumper. This was the same boom that held the reference anemometer and wind direction sensor. Guy wires connected to the truck cab roof supported the tips of the rig and reduced rig vibration. Figure 3 shows a schematic of the data acquisition system. The data were acquired with a Campbell Scientific 21X data logger. The sampling frequency was set at 5 Hz with a 1-second averaging period. A laptop computer was connected to the 21X for data storage and analysis.
Data Acquisition System
The anemometers produced a 6-volt AC (typical) sine wave in which the frequency changed linearly with wind speed. Two of the anemometers were calibrated by NRG to be used as reference units. The anemometers were wired to a custom-built frequency-to-voltage converter. The frequency to voltage converter was designed to output 200 mV for 1 Hz anemometer input. The voltage outputs were then connected to the 21X datalogger. The frequency-to-voltage conversion was used instead of the 21X counter input to increase the signal resolution over the sampling period. Another output from the converter provided a scaled voltage output of anemometer 1 that was connected to a digital readout. The truck driver used this readout to maintain a constant wind velocity while driving down the runway.
The wind direction sensor was positioned with the dead band aligned 90° to the truck long axis. This angle was subtracted from the raw data so that a reading of 0° corresponded to a wind direction parallel to the path of the truck. Positive wind direction corresponded to wind coming from the right hand side of the truck.
Experimental Procedure Anemometer Calibrations
The array anemometers were installed on the calibration rig forward of the truck cab. One factorycalibrated anemometer was placed in the center of the rig (reference anemometer) and another was placed at the left-most (view from truck cab) position of the rig. These anemometers were connected to calibrated channels on the frequency-to-voltage converter to record wind speed directly to the datalogger.
The truck was driven down the runway and the wind speed was maintained at 6.7, 9.0, 11.0 and 13.4 m/s for roughly 2 minutes at each speed. The anemometer data were then plotted against the reference anemometer wind speed. The sensitivity and offset for each anemometer was determined with a linear regression fit. These values were programmed in the 21X for the array runs.
The outermost calibrated anemometer was plotted against the reference anemometer to document the lateral variation in wind speed along the calibration rig. Using a linear regression fit of the data, a reference anemometer speed of 13.4 m/s resulted in a 0.09% difference in the outermost calibrated anemometer. It was concluded from this information that the lateral variation was negligible.
Array Runs
The calibration rig was removed from the front of the rig and the reference anemometer and wind vane were installed in its place. The Anemometer Array was constructed onto the turbine tower top and the tower was erected.
The truck was driven down the runway at the same wind speeds as the calibration runs for 2 minutes at each speed. After completing the wind speed sweep the array was rotated 5° and the run was repeated. Due to schedule constraints, we only tested up to an 80° array angle. Not all wind speeds were tested either, due to ambient wind speeds on the runway higher than the test wind speeds, and wind directions greater than 20° off the truck line of travel.
Results and Conclusions
The data were separated by array angle and again by wind speed. The array anemometers (2-9) were normalized by the reference anemometer (1). The anemometer data at each position were then averaged over the wind speed range for each array angle tested. Figure 4 shows the normalized data using circular segments to represent the anemometer position. The measurement represents a point representation and should not be interpreted as an average measurement over the area. Also, for each array angle run the average wind direction is presented. Note that with increasing truck speed the wind direction would move towards 0°. Figure 5 shows the data presented such that the normalized anemometer speed is plotted against array angle. This data is reduced so that only average wind directions of less than 5° are presented.
The signal time-series were then plotted for the array runs. Figure 6 shows anemometer 4 plotted with anemometer 1 (offset by 2 m/s) for a 10° array angle. The traces follow each other closely with some higher frequency components on the array anemometer. This figure is typical of all anemometer data for all array runs with the exception of anemometer 8. Figure 7 shows anemometer 8 plotted with anemometer 1 (no offset) for the 10° array angle. Note the higher frequency of the array signal and the velocity difference growing with wind speed. Figure 8 shows anemometer 8 and 1 time-series at 60°a rray angle; with the velocity difference minimized but the high frequency component remaining. The higher frequency component of the array time-series is an indication of turbulence generated by the flow over the truck cab.
We conclude from the data that the lateral and horizontal wind speed variation over the rotor disk is negligible with exception to the lower sector immediately behind the truck cab. We expected that the wind speed decrement in this location would increase the pitching moment and blade cyclic loads for the turbine tests. The lateral variation in this sector was not measured; therefore the impact on the turbine furling behavior was uncertain. More measurements in the lower quadrant between anemometers 4 and 8 would be recommended if further array tests were conducted. 
